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Recently, a contamination-free dry transfer method for graphene grown by chemical vapor depo-
sition (CVD) has been reported that allows to directly pick-up graphene from the copper growth
substrate using a flake of hexagonal boron nitride (hBN), resulting in ultrahigh charge carrier mo-
bility and low overall doping. Here, we report that not only hBN, but also flakes of molybdenum
disulfide (MoS2) can be used to dry transfer graphene. This, on one hand, allows for the fab-
rication of complex van-der-Waals heterostructures using CVD graphene combined with different
two-dimensional materials and, on the other hand, can be a route towards a scalable dry transfer of
CVD graphene. The resulting heterostructures are studied using low temperature transport mea-
surements revealing a strong charge carrier density dependence of the carrier mobilities (up to values
of 12,000 cm2/(Vs)) and the residual charge carrier density fluctuations near the charge neutrality
point when changing the carrier density in the MoS2 by applying a top gate voltage.
The high room temperature mobility1–3 and the tun-
able charge carrier density make graphene an interest-
ing material for many applications such as high fre-
quency electronics4, ultra-sensitive Hall sensors5,6 and
spintronics7,8. In order to realize such applications, it
is necessary to make high quality graphene available on
a large scale. Graphene grown by chemical vapor depo-
sition (CVD) has recently made numerous advances con-
cerning its growth9–12 and transfer13–16. We previously
reported that the electronic properties of CVD graphene
are equivalent to devices built from high quality exfoli-
ated graphene if transfer-related degradations and con-
taminations are avoided3,13. The highest electronic qual-
ity in CVD graphene has so far been achieved by us-
ing exfoliated hexagonal boron nitride (hBN) crystals by
(1) picking-up CVD-graphene directly from the catalytic
copper foil (substrate material) and by (2) subsequently
encapsulating it with another hBN crystal3. Here, we
report on CVD-graphene that has been dry-transferred
from the copper foil using a similar scheme. Instead of
hBN, we use molybdenum disulfide (MoS2) to transfer
graphene. Expanding this transfer process from using
flakes of exfoliated hexagonal boron nitride to a larger
class of two-dimensional (2d) materials has numerous
advantages: Firstly, van-der-Waals heterostructures con-
sisting of different 2d materials have attracted large at-
tention in recent years, as they allow for new device prop-
erties, e.g. proximity induced spin-orbit interaction17,18
or applications in the field of optoelectronics19. Secondly,
high quality large area hBN with a low adhesion to its
substrate has not been successfully grown so far, which
limits the size of the heterostructures that can be ob-
tained using the dry transfer to the size of the exfoliated
hBN flake. Thus, finding alternative, scalable 2d materi-
als to transfer graphene and to serve as a substrate that
preserves the intrinsic electronic properties of graphene
could speed up the scaling, opening up the way towards
true high quality graphene applications. Transition metal
dichalcogenides (TMDCs) such as MoS2 can by now be
grown on different substrate materials20–22 such as sap-
phire with high structural and electronic quality. Besides
opening up a larger set of possible material combinations
to enable new device functionalities, using a broader set
of synthetic and thus potentially scalable 2d materials for
the transfer could be a future route towards scaling high
quality CVD graphene to arbitrary sizes. Our findings
suggests that, similar to the established stacking tech-
niques for exfoliated van-der-Waals materials2 a much
wider range of 2d materials can be used for the transfer
process.
Graphene is grown using a low pressure CVD pro-
cess on the inside of enclosures folded from copper
foil9, resulting in individual graphene crystals of a few
hundred micrometer in size on the copper. In order
to weaken the adhesion between the graphene and the
copper substrate and thus facilitate the transfer process,
the graphene is stored under ambient conditions for a
few days, during which a thin cuprous oxide (Cu2O)
layer forms at the graphene-to-Cu interface13,23. An
optical image of a typical graphene crystal with an
oxidized interface is shown in Fig. 1a. Following our
previous reports on dry graphene transfer3,13, a polymer
stack consisting of a thick layer of poly(vinyl alcohol)
(PVA) and a thin layer of poly(methyl methacrylate)
(PMMA) is prepared. After exfoliating MoS2 flakes of
various thicknesses between 10 nm and 70 nm on the
polymer, the stack is placed on a polydimethylsiloxane
(PDMS) stamp. Using a mask aligner, the TMDC
is brought into contact with the graphene at 125 ◦C.
After picking-up the graphene, the MoS2/graphene
stack is placed on an exfoliated hBN flake. Thereafter,
the polymers are dissolved in water, acetone and iso-
propanol. Fig. 1b shows an optical microscope image of
a heterostructure consisting of hBN, graphene and MoS2.
We use scanning confocal Raman microscopy which
is a fast and non-invasive optical method to probe
the structural and electronic properties of graphene
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Figure 1. (a) Optical image of a CVD grown graphene flake
on copper foil. (b) Microscope image of a dry transferred
hetero-stack consisting of hBN/graphene/MoS2. (c) Typical
Raman spectrum of graphene encapsulated between hBN and
MoS2. (d) left: Raman map of the intensity of the MoS2 A1g
peak, measured for the flake depicted in (b); right: Raman
map of the intensity of the graphene G-peak.
including defects, doping and strain, as well as nm-scale
strain variations24–28. A typical Raman spectrum of
a MoS2/graphene/hBN heterostructure is shown in
Fig. 1c. The E12g and the A1g mode of MoS2 are centered
at 386 cm−1 and 411 cm−1, respectively29,30. The hBN
peak is centred at 1365 cm−1. The graphene G-peak is
located around 1582 cm−1 and the 2D-peak is centred
at 2686 cm−1 indicating low doping and little strain in
the transferred graphene layer28. Compared to graphene
encapsulated between two flakes of hBN, the full-width-
at-half-maximum (FWHM) of the 2D peak, Γ2D, is
slightly elevated to around 20 cm−1 indicating still low
amounts of nanometre-scale strain variations within the
laser spot27, which is a good indication for high charge
carrier mobility in the graphene31. A more detailed
study on strain and doping inhomogeneities of graphene
on MoS2 and other substrate materials has recently been
published32. These findings are very similar to those
obtained for high quality graphene transferred using
hBN3,13. Fig. 1d shows the Raman maps of the A1g
mode of MoS2 and the intensity of the graphene G-peak,
corresponding to the heterostructure depicted in Fig. 1b.
The data shows that the entire MoS2 flake is covered
with graphene, demonstrating a reliable transfer process.
In order to investigate the charge transport properties
of the resulting van-der-Waals stack, we fabricated
dual-gated Hall bar devices with one-dimensional Cr/Au
edge contacts (see left inset of Fig. 2b). The Hall bar
is patterned from the heterostructure by electron beam
lithography and reactive ion etching using argon and
SF6 as etching gases. Contacts are fabricated by electron
beam lithography followed by electron beam evaporation
of Cr and Au. Fig. 2a shows the four-terminal sheet
resistivity of the device as function of the applied top
gate voltage, VTG, and the applied back gate voltage,
VBG, measured at a temperature of 1.6 K. Fig. 2b
depicts line cuts through the data at VTG = 3 V and
VTG = −1 V (blue and red line, respectively). For top
gate voltages above 2.8 V, a clear and sharp resistance
peak is observed (see blue line in Fig. 2b and upper part
of Fig. 2a), where the graphene is screened from the top
gate, as seen by the constant position of the resistance
peak when changing VTG (red area in the upper part
of Fig. 2a). This indicates that the Fermi energy in the
MoS2 is tuned into its conduction band, allowing charge
carriers in the MoS2 to screen the applied top gate
potential (see right inset of Fig. 2b). In contrast, for
VTG < 2 V, the Fermi energy of MoS2 has moved into
the band gap, allowing to continuously tune the charge
carrier density in graphene by changing the top gate
voltage. At the same time, the absence of charge carriers
in the MoS2 leads to a decreased dielectric screening
of charge traps and defects located in MoS2 and the
MoS2/graphene interface, which strongly increase the
residual charge carrier density fluctuations in graphene.
This results in a reduced maximum resistance and a
broadening of the resistance peak as seen for the red
trace in Fig. 2b and the lower part of Fig. 2a at the
charge neutrality point.
For quantifying the influence of the disorder poten-
tial in the MoS2 on the charge transport in the graphene
layer, in both the screened VTG > 2.8 V and unscreened
VTG < 2.8 V case, we extract the charge carrier mobility
µ and the residual charge carrier density fluctuations n∗
at the charge neutrality point. Fig. 3a depicts the field-
effect mobility determined by the Drude formula σ = neµ
as function of the charge carrier density in the graphene
layer at constant top gate voltages of VTG = 3 V (blue)
and at VTG = −3 V (red). The extracted mobility is
in both cases on the order of µ = 10,000 cm2/(Vs).
At high charge carrier densities, the mobility is inde-
pendent of whether or not the Fermi level of MoS2 is
tuned into its conduction band. We note that the MoS2
is not significantly contributing to transport, as the mo-
bility in MoS2 is typically orders of magnitudes lower
than in graphene. More importantly, the formation of
a Schottky barrier further suppresses transport through
the MoS2
37. Evidence for the absence of a significant par-
allel conducting channel through the MoS2 can be seen
in Fig. 2a. If the MoS2 was contributing significantly
to transport, an increase of the conductivity is expected,
once there are free carriers in the MoS2 layer, i.e. at
VTG = 2.8V , which is not observed in the experiment.
Similar observations have been made in previous reports
of graphene on other TMDC materials17,18. The inset of
Fig. 3a presents the top gate dependence of the charge
carrier mobility at a constant charge carrier density of
n = − 0.5×1012 cm−2 in the graphene layer. The mobil-
ity of the graphene increases from µ = 8,000 cm2/(Vs) to
around µ = 11,000 cm2/(Vs) when populating the con-
duction band of the MoS2. We attribute this behaviour
to the self-screening of charge carriers in the graphene
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Figure 2. (a) Resistivity of the MoS2/graphene/hBN Hall
bar as function of the applied top gate and back gate voltage,
measured at 1.6 K. (b) Line cuts of the data shown in (a),
taken at VTG = 3 V (blue) and VTG = − 1 V (red). Inset
left: optical microscope image of the device. The scale bar
is 4 µm. Below, a schematic cross-section of the sample is
depicted. Inset right: Schematic band structure of the MoS2.
The top gate allows to either tune the Fermi energy into the
band gap or into the conduction band.
from the disorder potential in the MoS2. However, at
low charge carrier densities, the extracted mobility de-
creases for VTG = −3 V (red curve in Fig. 3a), due
to more pronounced electron-hole puddles and potential
charge transfer into trap states located at the MoS2 in-
terface. These effects are less present, when the Fermi
energy is located in the conduction band of the MoS2
as charge carriers can screen the Coulomb potential and
charge traps are already occupied by carriers in the MoS2
(blue curve in Fig. 3a).
We now focus on the charge carrier density fluctua-
tions near the charge neutrality point by plotting the
conductance vs. charge carrier density on a double loga-
rithmic scale (Fig. 3b) for both traces shown in Fig. 3a.
Following the scheme of Couto et al.31, we perform
line fits to this double logarithmic representation of the
data in order to extract n∗. At VTG = 3 V, where
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Figure 3. (a) Charge carrier mobility µ vs. charge carrier den-
sity n for two back gate traces in Fig. 2a at VTG = 3 V (blue)
and VTG = −3 V (red) taken at T = 1.6 K. The inset de-
picts the mobility at a fixed density of n = −0.5×1012 cm−2
(indicated by the black arrow) as function of the top gate volt-
age. (b) Conductance σ vs. charge carrier density n for the
measurements in (a) plotted on a double logarithmic scale
which allows to extract the residual charge carrier density
fluctuations n∗ near at the charge neutrality point. The inset
presents the top gate dependence of n∗.
the Fermi energy of MoS2 is tuned into its conduction
band, we extract n∗ = 4.8 × 1010 cm−2, while in
the case where the Fermi energy lies in the band gap,
we measure n∗ = 2.2 × 1011 cm−2. This drastic
increase of the charge carrier density fluctuations at
charge neutrality by almost one order of magnitude (See
also inset of Fig. 3b) demonstrates the importance of
a homogeneously charged substrate and the absence
of charge traps for high quality graphene devices.
Furthermore, we emphasize that the concentration of
Coulomb scatterers and defects in the MoS2 is subject
to growth methods and fabrication techniques and
might be heavily improved by processing in a glove box
and direct encapsulation with hBN. Furthermore, the
presence of a band gap in MoS2 allows to precisely tune
the number of charge carriers, available for screening
in the substrate material, which might be of use, for
example, when studying the interaction between two
4van-der-Waals materials.
In this work, we demonstrated that MoS2 crystals
can be used to delaminate CVD graphene from the
underlying copper showing that the dry transfer method
can potentially be applied to a large number of other
2d materials resulting in more complex van-der-Waals
heterostructures. This allows for tailoring the electronic
properties of the resulting heterostructure by combining
appropriate combinations of 2d materials, as has been
demonstrated previously in heterostructures assembles
from exfoliated flakes. Confocal Raman microscopy ver-
ifies the high structural quality, reflected in a low values
of Γ2D. Low temperature transport measurements show
carrier mobilities on the order of µ = 10,000 cm2/(Vs),
which are lower than what has been reported for dry
transferred CVD graphene encapsulated in hBN. We
attribute this observation to scattering with a strongly
varying disorder potential and charge transfer into trap
states present in the MoS2. We demonstrate that both,
the charge carrier mobility, as well as the charge carrier
density fluctuations at the charge neutrality point of
the graphene are affected by the disorder potential
and charge traps. By increasing the charge carrier
density in the MoS2 by a top gate voltage, its scattering
potential can be screened, allowing to tune the electronic
properties of the graphene.
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